Background: Acquired radioresistance of cancer is common after repeated irradiation and often leads to treatment failure. This study aimed to examine the effects of nimotuzumab on acquired radioresistance in human esophageal carcinoma cells and to investigate its underlying mechanisms.
Introduction
Esophageal cancer is an aggressive cancer and accounts for the sixth most common cause of cancer-related death worldwide. Most patients are diagnosed with an advanced-stage disease and have a poor prognosis. 1 After a multimodal regimen that incorporates surgery, chemotherapy, and radiotherapy (RT), the average 5-year overall survival (OS) rate is less than 20%. 2 Therefore, a better therapeutic strategy is needed to improve OS.
RT is a major treatment for advanced esophageal carcinoma. However, the local recurrence rate at the initial site of esophageal cancer is approximately 44%-61% after primary definitive chemoradiotherapy. 3 Tumor intrinsic and acquired radioresistance are two major contributors for treatment failure. In particular, acquired radioresistance often occurs after the first irradiation and reirradiation in recurrent esophageal cancer. A recent study has shown that repeated RT is feasible and effective for recurrent esophageal cancer but can cause severe toxicity. 4, 5 Acquired radioresistance is a common phenomenon during fractionated RT, and the involved mechanisms are not fully understood. Many factors, including genetics, morphology, structure, receptor expression, and activity in cancer cells, are believed to play important roles for such effects in cancer. Thus, improving tumor radiosensitivity and reducing acquired radioresistance are two major clinical approaches to improve the treatment outcome in primary and recurrent esophageal cancer.
Overexpression of epidermal growth factor receptor (EGFR) has been reported in 60%-70% of esophageal carcinomas. 6 High EGFR expression is correlated with poor OS and disease-free survival in esophageal cancer patients. 7 A clinical study has reported that elevated EGFR expression and activity led to tumor resistance to RT in patients. 8 Preclinical studies have also shown that overactive EGFR induced by irradiation could promote tumor cell proliferation and enhance DNA repair, which might result in tumor radioresistance. 9, 10 Therefore, inhibition of EGFR activity and signaling became an effective strategy to increase tumor radiosensitivity in RT.
Nimotuzumab is a humanized anti-EGFR monoclonal antibody that binds to the extracellular domain of the EGFR and inhibits EGF binding and signaling. 11 In preclinical studies, nimotuzumab showed antiproliferative, proapoptotic, and antiangiogenic activities in head and neck tumors, which overexpress the EGFRs. 12 Nimotuzumab has been approved for the treatment of head and neck tumors and glioma in several countries 13, 14 and is under clinical trials for pancreatic cancer, non-small-cell lung cancer, and esophageal cancer. The most exciting part of nimotuzumab use is the lack of severe adverse effects. 15 For esophageal cancer, nimotuzumab has been found to enhance the radiosensitivity of the EGFR-expressing esophageal squamous cell carcinoma (ESCC) cells in an in vitro study. 16 Recent clinical studies have demonstrated that nimotuzumab in combination with irradiation was safe and tolerable and yielded encouraging OS, progression-free survival, and local control in ESCC patients. 17 However, it is still not clear whether nimotuzumab can reverse acquired radioresistance of ESCC. Using a radiation-resistant human esophageal carcinoma cell line, KYSE-150R, we have studied the capacity of nimotuzumab to reverse radiation resistance and involved molecular mechanisms, and demonstrated that nimotuzumab can significantly reduce radioresistance in esophageal cancer cells, suggesting a potential clinical application in RT for esophageal caner.
Methods and materials cell culture
Human KYSE-150R cells, which derived from KYSE-150 cells, were gifts from Dr Shi-xiu Wu. 18 Cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (Gibco, Life Technologies, Carlsbad, CA, USA), 100 U/mL penicillin, and 100 ug/mL streptomycin. Cells in the logarithmic phase were used for all experiments.
cytotoxicity and proliferation assay A standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed to measure the cytotoxicity of nimotuzumab. Cells (4×10 3 cells per well) were cultured in 96-well plates for 24 hours, then incubated with different concentrations of nimotuzumab (250-4,000 nM) and cisplatin (5-80 μM) for another 72 hours. Relative absorbance of MTT was measured to calculate cell growth inhibition.
For proliferation assay, cells (2×10 4 cells/well) were seeded in 24-well plates initially (37°C, 5% CO 2 incubator overnight), then pretreated with nimotuzumab (1,000 nM) for 24 hours before irradiation (6 Gy). After irradiation, the numbers of living cells were counted daily for 7 days using Trypan Blue staining. The growth curve was done using GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA, USA).
ionizing radiation
Irradiation was performed using 6 MV X-rays generated by a linear accelerator at a dose rate of 2 Gy/min (PRIMUS-M, Siemens, Erlangen, Germany). Radiation field was 20×20 cm. The source-skin distance was 100 cm.
colony-forming assay
Cells cultured in six-well plates were irradiated with X-rays (0-6 Gy) and continuously cultured for another 10-14 days to allow colony formation. Cells were washed with cold phosphate-buffered saline, fixed with 75% methanol, and stained with 0.5% crystal violet in methanol. The colonies consisting of 50 cells were counted under a dissecting microscope. The surviving fraction was calculated by the GraphPad Prism 5.0 software based on the multitarget/ single-hit model (SF=1-[1-e-D/D0]N). The sensitizing enhancement ratio (SER) was calculated based on the formula SER=D0 (control cells)/D0 (testing cells). D0 represents the dose that can reduce cell survival to 37%.
Immunoblotting and immunofluorescence staining
Western blotting was performed as described previously. 19 For immunofluorescence staining, cells were cultured on a coverslip (12×12 mm) and irradiated (2 Gy). Cells were then fixed and stained with anti-γ-H2AX antibody (Ser139) and subsequently with a fluorescein isothiocyanate-conjugated secondary antibody. Cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (Sigma-Aldrich Co., St Louis, MO, USA). The slides were observed and photographed under an LSM710 inverted confocal microscope (Zeiss, Oberkochen, Germany). γ-H2AX foci in the nuclei were observed and counted. The average number of foci per cell is shown in Figure 3 . 
statistical analysis
All data were presented as mean ± standard deviation. Statistical significance (P0.05) was determined by the Student's t-test.
Results

nimotuzumab enhances radiationinduced proliferation inhibition in KYse-150r cells
We first measured the possible toxicity of nimotuzumab and found very limited toxicities of nimotuzumab up to 4,000 nM for 72 hours of incubation in KYSE-150R cells in an MTT assay ( Figure 1A) . Next, we investigated whether nimotuzumab affects cancer cell proliferation in the presence of irradiation. We treated the cells with or without nimotuzumab (1,000 nM) after ionizing radiation (IR) (6 Gy) and then compared cell proliferation. We used rabbit IgG as a negative antibody control. Our results showed that the growth rate of two treatment groups was similar within 3 days after IR. However, the cell growth was moderately inhibited in the group treated by nimotuzumab as compared with the mock group at day 4 and day 5 after IR (P0.05). At day 7 after radiation, cell proliferation was significantly inhibited in both groups but with a greater inhibition in the nimotuzumab-treated group (P0.05) ( Figure 1B ).
nimotuzumab reverses radioresistance in KYse-150r cells
The effects of nimotuzumab on radiosensitivity were measured by clonogenic survival assay, and the results are shown in Figure 2 and Table 1 . In Figure 2 , KYSE-150R cells are more radioresistant than their parent KYSE-150 cells. Pretreatment with nimotuzumab significantly nimotuzumab reduces Dna repair after irradiation in KYse-150r cells
We further assessed whether nimotuzumab affects cellular DNA repair after irradiation using the γ-H2AX foci assay. The γ-H2AX foci number reflects unrepaired double-strand breaks (DSBs) in an irradiated cell. The average number of γ-H2AX foci per cell was counted during 1-48 hours after a 2 Gy irradiation ( Figure 3 ). There was no difference in the average numbers of γ-H2AX foci at 4 hours after IR between the KYSE-150R cells treated by the combined nimotuzumab/radiation and the cells treated with radiation/IgG. However, a significantly greater number of γ-H2AX foci were observed between 8 hours and 48 hours after IR in the nimotuzumab-treated group as compared with the IgG-treated group (P0.05). These results indicate that nimotuzumab can inhibit cancer cell DNA repair, showing more γ-H2AX foci in KYSE-150R cells.
nimotuzumab inhibits radiation-induced activation of egFr signaling pathway in KYse-150r cells
To investigate how nimotuzumab enhances cancer cell radiosensitivity, we first compared the expression levels and the activities of EGFR in KYSE-150 and KYSE-150R cells. Although the same expression levels of EGFR were detected in both cells, radiation induced a significantly higher level of phosphorylation in KYSE-150R cells, as compared with the level in KSYE-150 cells ( Figure 4A and Supplementary Figure S1 ). Moreover, we monitored the phosphorylation levels of EGFR and its downstream signaling molecules, including AKT and ERK, after pretreatment with nimotuzumab followed by irradiation. Radiation activated EGFR, AKT, and ERK in KYSE-150R cells, as expected. Pretreatment with nimotuzumab inhibited not only radiation-induced phosphorylation of EGFR but phosphorylation of the downstream molecules AKT and ERK. The effects of nimotuzumab peaked between 30 minutes and 2 hours post-IR (6 Gy) ( Figure 4B and Supplementary Figure S1 ). These data demonstrated the inhibitory properties of nimotuzumab on the EGFR signaling pathway in radioresistant KYSE-150R cells.
nimotuzumab diminishes the radiationinduced phosphorylation of Dna-PKcs and aTM, and downregulates the expression levels of raD51 in KYse-150r cells cultured in six-well plates were pretreated with rabbit igg or nimotuzumab (1,000 nM) for 4 hours and followed by ir. surviving colonies were stained with crystal violet and counted. The survival curves after ir are shown. Data represent mean ± standard deviation from three independent experiments. *P0.05; KYse-150r + igg versus KYse-150r + nimotuzumab. Abbreviations: igg, immunoglobulin g; ir, ionizing radiation. end joining (NHEJ) in mammalian cells. DNA-PKcs and ATM coordinately regulate DSB repair through the aforementioned mechanisms. To examine whether nimotuzumab interferes with these molecules in DNA repair, KYSE-150R cells were treated as described previously. Phosphorylation of ATM and DNA-PKcs was examined and is shown in Figure 5A . The basal levels of autophosphorylation of ATM and DNA-PKcs were very low in KYSE-150R cells. Radiation induced significant phosphorylation of ATM and DNA-PKcs, which peaked at 2 hours after irradiation. Pretreatment with nimotuzumab significantly attenuated such effects ( Figure 5A and Supplementary Figure S2 ). In addition, we measured the expression levels of RAD51, a central component of HR. Interestingly, the expression levels of RAD51 were increased by radiation but attenuated by nimotuzumab in a time-dependent manner ( Figure 5B and Supplementary Figure S2) . These results suggest that nimotuzumab may inhibit DNA repair by inhibiting RAD51 expression.
Discussion
Acquired radioresistance plays a crucial role in RT failure.
To conquer this clinical obstacle, we studied this clinically important problem in a radiation-resistant cancer cell line (KYSE-150R), which was generated by fractionated radiation, a commonly used method in cancer RT for its advantages in preventing normal tissues. As compared with the previous report on the effects of cetuximab, we further focused on the EGFR signaling pathway and DNA repair in terms of neutralization of the EGFR in esophageal cancer cells. Here, we found a differential pattern of the EGFR activities in response to irradiation in the radioresistant KYSE-150R cells as compared with the radiosensitive KYSE-150. Pretreatment with nimotuzumab significantly decreased phosphorylation of EGFR and its downstream molecules AKT and ERK, the key proteins for cancer survival. Moreover, pretreatment with nimotuzumab inhibited DNA repair after irradiation by modulating the activities of DNA-PKcs, ATM, and RAD51. The radiation-induced activation of EGFR and its downstream signaling cascades is linked to radiation protection through promoting cell proliferation and DNA repair. 10 It has been reported by Schmidt-Ullrich et al 20 in 1994 that increased expression of EGFR was seen in MCF-7 cells after repeated radiation exposure. We now report that greater levels of EGFR phosphorylation were observed in the radioresistant KYSE-150R cells after irradiation. We did not find significant changes in the expression levels of EGFR in KYSE-150R cells. We believe that chronic and fractionated radiation accounts for such effects. Selective survival of radioresistant cells and/or induction of gene mutations may ultimately lead to acquired radioresistance. It is known that radiation-induced phosphorylation of the EGFR activates the Ras/Raf/ERK (MAPK) and the PI3K-Akt signaling pathways, which can protect cells from radiation-induced cell death but promote cell survival and proliferation. 9 This is the case in KYSE-150R cells. We further found that pretreatment with nimotuzumab inhibited EGFR as well as ERK and AKT. Taken together, our study confirmed the important role of the EGFR signaling pathway in radioresistance of esophageal cancer cells. We further demonstrated that acquired radioresistance in cancer cells may be reversed by manipulation of the EGFR signaling pathway using nimotuzumab. The translocated EGFR can bind to DNA-PKcs in the nuclei after irradiation and regulate DNA-PKcs phosphorylation. Cetuximab, another neutralizing antibody against the EGFR, can inhibit radiation-induced nuclear translocation of the EGFR, block the interaction between the EGFR and DNAPKcs, and delay cellular DNA repair. 24 In addition, AKT can also translocate to the nucleus and interact with DNA-PKcs and regulate its activity in irradiated cells. 25 A recent report revealed that the AKT/DNA-PKcs pathway also contributes to acquired radioresistance in tumor cells. 26 ATM plays a critical role in regulating HR but not NHEJ. 27 The EGFR signaling can modulate ATM activity through different mechanisms. Golding et al 28 found that ERK kinases activity was required for ATM phosphorylation. Blockade of the MEK/ERK signaling compromised ATM kinase activity for efficient HR in response to radiation. In addition, ATM is required for the correct posttranslational modification of Rad51 and protein complex formation following IR. 29 Rad51 is important for DSB repair through HR, 29 and inhibition of Rad51 increases radiosensitivity. 30 Li et al reported that erlotinib, a selective EGFR inhibitor, inhibited Rad51 expression. 31 Several studies have shown that overexpression of Rad51 was commonly seen in esophageal cancer tissues, which was correlated with low efficacy of treatment and decreased survival in ESCC patients. 32, 33 Due to their biological function and unique expression pattern, our study and others strongly suggest that ATM and Rad51 are two therapeutic targets to reverse radioresistance and to increase radiosensitivity in cancer therapy.
Clinical trials have already shown that nimotuzumab is a safe and effective biological agent with minor side effects. 15 In our in vitro radioresistant KYSE-150R cell system, pretreatment with nimotuzumab reversed acquired radioresistance and enhanced radiosensitivity in esophageal cancer cells by inhibiting the EGFR/Akt/DNA-PKcs signaling pathway and reducing ATM and Rad51 activities. Thus, nimotuzumab may be an effective sensitizer for radioresistant malignancies like esophageal cancer. Although further investigations are needed to fully clarify the biological function of nimotuzumab in esophageal cancer, our study 
